This study provides an assessment of the potential for stratiform massive sulphide mineralisation in two parts of south-west England, the Central Area between Bodmin Moor and Dartmoor, and North Devon. The Central Area was selected on the basis of its tectonic, stratigraphical and lithological similarities with the Iberian Pyrite Belt (IPB) where numerous volcanogenic massive sulphide (VMS) deposits occur. North Devon is considered prospective on account of its similarities to the Harz Massif in Germany that hosts the major polymetallic sedimentary exhalative (Sedex) deposit at Rammelsberg. More than 60 stratiform mineral occurrences are known in the two areas and previous exploration, including extensive drainage geochemical surveys, geophysical surveying and drilling, has revealed stratiform mineralisation at some localities, including at Egloskerry, near Bodmin Moor, where up to 10% Pb over 4.5 metres was recorded. In North Devon, stratiform mineralisation has been recorded from a borehole at Honeymead Farm, and further evidence of potential is provided by a distinct aeromagnetic anomaly parallel to the regional strike over the upland areas of Exmoor.
North Devon
In North Devon (Figure 1 ) transitions between marine and non-marine conditions dominate the stratigraphy. The Middle to Late Devonian boundary occurs above a sequence of fluvial and deltaic sandstones, within a marine sequence dominated by shales or mudstones, with thin limestone beds in the lowest part. The thickness of the sandstone and shale units is difficult to measure due to structural repetition and the lack of zonal fossils, but some formations in the area are in excess of several hundreds of metres. The oldest strata exposed belong to the marine Lynton Formation (Figure 3 ). These are conformably overlain by the Hangman Sandstone Formation that marks a major regressive and transgressive event. This formation is in turn is overlain by the Ilfracombe Slate Formation (subdivided by later BGS mapping into the Kentisbury Slates Member, the Lester Slates and Sandstones Member, and the Wild Pear Slates Member).
In the Combe Martin district the Ilfracombe Slate Formation contains lead-zinc-silver deposits that provided the basis of the historic mining industry in that area 32 . The mines probably date back to the 13 th century 9 and have been closed and re-opened several times since, with production finally ceasing in the 1940s. Along strike to the east, drilling at approximately the same stratigraphic level at Honeymead Farm ( Figure 3 ) identified disseminated Fe-sulphide (pyrrhotite) mineralisation beneath Exmoor 14 .
Previous investigations for stratiform base-metal sulphide deposits
Extensive exploration activity, ranging from regional reconnaissance surveys to detailed investigations, has been carried out in both areas of study. The DTI-funded Mineral Reconnaissance Programme (MRP), carried out by the BGS from 1971-1996, produced 37 reports and data releases related to south-west England. In addition there are 51 reports on commercial exploration work carried out under the Mineral Exploration and Investment Grant Act (MEIGA) that operated from 1971-1984. The BGS 1:10 000 scale mapping programme and associated regional gravity and aeromagnetic surveys 6, 7 also provide a large amount of relevant data that underpins exploration and assessment of the mineral resources in the region. The most recent study related to base-metal mineralisation assessed the potential for the occurrence of stratiform base-metal sulphide mineralisation in Devon and east Cornwall using knowledge-based prospectivity analysis 29 .
4 and loellingite are associated with pyrite, quartz and siderite. Chemical analysis of this drillcore revealed high Zn values in some sections, one containing 2% Zn over 3 m. Finely disseminated galena and sphalerite had not been reported previously from the Teign Valley and their discovery indicated potential for this type of deposit in the condensed Lower Carboniferous sequence of this district. The results of these and other investigations carried out in this area are summarised in Table 1 .
North Devon
Drainage geochemical surveys over Exmoor and the Brendon Hills ( Figure 1 ) carried out by the MRP in the mid-late 1980s
identified several areas of anomalous Zn, Pb, Ni, Cu, Sb, and Ba 17 . Some of these anomalies relate to vein-style mineralisation, but others may reflect stratiform base-metal and barytes mineralisation.
Regional aeromagnetic surveys carried out by the BGS in the 1950s identified a distinct aeromagnetic anomaly with an amplitude of about 60 nT trending west-north-west-east-south-east over the upland areas of Exmoor approximately following the boundary between the Ilfracombe Slates and the Morte Slates (Figure 3) . A less prominent linear anomaly to the south occurs over the upper part of the Morte Slates, with maximum amplitudes in the west. Detailed soil geochemical studies over the aeromagnetic anomalies identified minor Zn-Pb enrichments in some areas and a general association of Zn in soil with the magnetic anomaly 17 .
At the site of one of these anomalies, Honeymead Farm (approximately 25 km south-east of Combe Martin), two boreholes were drilled as part of the BGS mapping programme 14 . These identified pyrrhotite mineralisation in the form of disseminations on the cleavage faces as well as pyrite occurring as fine disseminations in sandstones, with calcite in tension gashes and minor veins.
The results of the principal investigations carried out in this area are summarised in Table 1 .
Prospectivity Analysis
Mineral deposit models are syntheses of large amounts of data that provide an essentially qualitative basis for exploration and resource assessment. Such models can be used to identify the key exploration criteria for a particular type of deposit and thus form the basis for analysis of the mineral potential of a region. Geographical Information Systems (GIS) have become the standard platform in mineral exploration to coordinate and manage these datasets. GIS facilitates the querying and analysis of the data to determine which parameters are critical or subsidiary to the mineralisation process and allows the structured integration and modelling of these often-voluminous datasets to look for patterns and associations that may otherwise not be apparent. Data integration models in GIS are divided into two categories, data-driven models (Weights of Evidence modelling and logistic regression) and knowledge-driven models (Fuzzy Logic and neural network)
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. Data-driven approaches such as Weights of Evidence are probability-based techniques for mapping mineral potential using the spatial distribution of known mineral occurrences. The approach aims to relate or 'train' all specified datasets to known occurrences of the particular deposit type within the region and, by association, highlight those data relationships which closely mimic the patterns at the known occurrences.
Weights are estimated from the measured association between known occurrences and the values on the maps to be used as predictors. The output of Weights of Evidence modelling is a map of posterior probability, or the degree to which each pixel resembles one or more of the training points (the known occurrences). Knowledge-driven analyses establish the relationship between the spatial exploration datasets and the exploration model and are often employed in regions without known mineral occurrences with which to 'train' the exploration datasets. Knowledge-driven techniques such as Fuzzy Logic are subjective in that the 'explorationist' determines the relative significance of the exploration datasets and assigns a significance weighting based on the exploration model. Knowledge-based prospectivity mapping is achieved by extracting the spatial relationships from exploration datasets on the basis of the exploration model, quantifying these spatial relationships and integrating them using mathematical operators chosen by the user. 18 , developed by the United States Geological Survey and the Geological Survey of Canada, provides the ability to conduct both data-driven and knowledge-driven analysis. All these methods combine two or more evidential themes to generate a response theme that is a map that predicts favourable locations for mineral deposit occurrences.
Prospectivity analysis is based on a general series of procedures, which can be grouped into five key stages: 
Mineral Deposit Models and Key Exploration Criteria
Exploration criteria are defined on the basis of mineral deposit models built from a knowledge of similar deposits world-wide, modified by specific features of any known local mineralisation in the area being assessed. The degree of confidence and value that can be attached to the prospectivity maps depends on the availability, quality and relevance of the data, together with the reliability of the exploration model. Exploration criteria for IPB-type deposits, including both the essential general parameters and more specific local features and their significance, are summarised in Table 2 , where their presence in the Central Area in also indicated.
Sedex-type model and parameters
Sedimentary exhalative (Sedex) deposits are syngenetic massive sulphide deposits hosted by marine sedimentary rocks and were formed by submarine exhalative fluids during basin development. They typically form within restricted marine basinal sedimentary sequences in an epicratonic tectonic setting, similar to North Devon. They contain the largest proportion of lead and zinc resources of any class of deposit in the world. Sedex deposits provide more than 25% of global zinc and lead production and are typically an order of magnitude larger than VMS deposits.
They are typically stratabound, tabular to lens shaped and are composed of many beds of sulphide and/or barytes laminae 22 . The lenses are frequently stacked and more than one horizon may be economic. The orebody may be part of a sedimentary succession often hundreds of metres thick, and the lenses may persist horizontally for tens of kilometres. Deposits occur in anoxic basinal sediments capping syn-rift sequences in failed intracontinental rifts or in fault-bounded grabens on rifted continental margins. Geochemical anomalies are commonly present around Sedex deposits and may be zoned with lead enrichment closest to the vent passing outwards into more zinc-rich facies. Copper and Mn anomalies may also be found around the deposit, while Ba anomalies may also occur in the more distal facies.
Exploration criteria for Sedex deposits, including both the essential general parameters and more specific local features and their significance are summarised in Table 3 , where their presence in North Devon is also indicated.
Data and exploration criteria
The key exploration criteria for IPB-type (Table 2) and Sedex (Table 3 ) mineral deposits determined the selection of datasets for integration into the prospectivity analysis. The data classes utilised were geology, stream-sediment geochemistry, geophysics including both aeromagnetic and gravity data, mineral occurrences and regional structure.
Geology
The study region covers more than twenty British Geological Survey 1:50 000 geological map sheets. Many of these sheets were originally surveyed between 1870-1900 but some sheets have since been revised and all are available digitally and fully attributed.
Rollin et al. used 1:250 000 scale digital geological linework in their prospectivity analysis in south-west England as the digital capture of the 1:50 000 linework had not been completed 29 . The recent release of this dataset was one of the key driving forces behind this study.
In the Central Area, the Upper Devonian and Lower Carboniferous sequences have been divided into numerous formations separated by tectonic boundaries. By analogy with the IPB, chert and black shale horizons identified in many of these formations are important target lithologies for massive sulphide deposits. Elsewhere, the geological linework has been generalised in part due to the semi-regional resolution of the prospectivity mapping. underlie the thicker sections of the deposit and appear to be spatially associated with growth faults that controlled basin geometry.
These faults also influenced the distribution of tuffaceous and cherty (exhalative) units that overlie the sulphides 11 .
The Central Area is transected by a dominant north-north-west trending fault set and a less prominent but potentially significant north-north-east fault set recorded by both field mapping and from the interpretation of regional gravity and aeromagnetic data.
The latter fault set can be seen as lineaments in images of the gravity and magnetic data for the UK and surrounding countries 6, 7 .
Rollin et al. suggested that these structures might influence the genesis of IPB style mineralisation in the Central Area 29 . In North Devon, structural mapping and geophysical interpretation of data has not been comprehensively recorded and only limited data is available, in particular for the area around Exmoor.
Geophysics
Gravity and aeromagnetic datasets were incorporated into the prospectivity analysis. Regional gravity data collected as part of a national survey by the BGS have a distribution of about one station per km 2 . Detailed gravity surveys have also been carried out at several localities across the region as part of the MRP programme 38 and to support the BGS mapping programme 28 . Stratiform massive sulphide deposits are commonly associated with a small (typically 1-2 mGal) positive residual anomaly although some of the IPB deposits have associated small high-frequency residual anomalies up to 4 mGal 29 . Although the regional gravity survey of the UK is undersampled compared with exploration practice in the IPB, an attempt was made to identify residual anomalies that might be targets for further exploration 30 .
Regional aeromagnetic data collected by the Hunting Group for the BGS in 1957-58 was used to calculate the residual magnetic anomalies with the aim of accentuating the higher frequency components of the observed data. This residual magnetic anomaly has been used in the prospectivity analysis of both areas. In addition, the analytic signal magnitude was calculated to give an Accordingly, in addition to known occurrences of stratiform base-metal mineralisation, the presence of manganese mineralisation has been used as positive evidence to support the potential occurrence of sulphide ores. Secondly, the mines in the area provide evidence for the occurrence of various metals in hydrothermal vein systems. These data have been used to filter the drainage geochemical data in an attempt to remove the influence of vein mineralisation. In practice, geochemical anomalies for Cu, Zn and
Pb have been excluded from the prospectivity analysis if the sample site is located within 2 km of a mine working which records one or more of these elements as either a main or secondary commodity.
In addition to Cu, Zn and Pb, Mn was incorporated into the prospectivity analysis with high values occurring over Lower Carboniferous rocks in the Teign valley and in the central zone near Launceston and Tavistock 29 . Manganese values over Middle
Devonian rocks are generally low. The main exploration criteria utilised in the prospectivity analysis for IPB deposits in the Central Area are summarised in Table 4 .
Prospectivity mapping in the Central Area and North Devon
The Weights of Evidence method was applied to the prospectivity analysis for IPB-type deposits in the Central Area. Forty-seven polymetallic stratiform mineral occurrences were used to 'train' the various exploration datasets for the area. Fuzzy Logic prospectivity analysis was carried out for Sedex deposits in North Devon. The Fuzzy Logic method of analysis was selected as the modelling technique due to the lack of known mineral occurrences in the North Devon area.
Weights of Evidence modelling: Central Area
Bedrock lithology, residual aeromagnetic and gravity anomalies, aeromagnetic analytical signal, geophysical lineaments, streamsediment geochemistry and mapped structures, selected as the key exploration criteria, were gridded, processed and reclassified to generate binary-class evidential maps described below (Table 4 ). The known mineral occurrences were divided into two subsets:
the training and the validation subsets.
Inspection of inter-element correlations showed that As and Sb should not be used in the analysis, whereas Mn, Pb, Zn, Ba and Cu were sufficiently uncorrelated and thus acceptable for integration using Weights of Evidence. In order to convert the data into a binary evidential theme, each theme is integrated with the training point theme and the spatial relationship between both is calculated to derive a suitable cut-off value. This relationship is termed the 'contrast' and the greater the value, the stronger the relationship between the exploration model data layers and the evidential theme. The contrast value can be positive, indicating a spatial correlation with the associated with the mineralisation, or negative, indicating that no relationship exists between the two themes. The contrast sign is used to reclassify the theme into a binary-class layer of true (positive contrasts) and false (negative contrasts). The contrast values for each class of the evidential maps were computed using the training subset only. Pairwise test of conditional independence was carried out on all 11 binary evidential themes using Arc-SDM.
The key predictor factors determined for IPB mineralisation in the Central Area, represented by positive contrast values are shown in Table 5 . They are black shales and chert horizons, Mn in stream sediments and mapped regional structures. The strongest overall predictor, lithology, returned a range of values reflecting the varying prospectivity of each lithology for IPB type deposits.
The strongest contrast values are from slate and chert formations within the study area, agreeing strongly with the IPB mineral deposit model.
The contrast values of the binary-class evidential maps were combined and threshold values determined to generate a rank favourability map for IPB-type deposits (Figure 8) . A comparison of the spatial distribution of the predicted high favourability areas and the validation subset showed that most of the validation subset fall in the areas of high favourability. In addition, several new areas with high favourability were mapped.
Fuzzy Logic Modelling: North Devon Area
Bedrock lithology, aeromagnetic analytical signal, magnetic and gravity lineaments, stream sediment geochemical anomalies and mapped structures were selected as the key exploration parameters for the prospectivity analysis for Sedex deposits in North
Devon. Known mineral occurrences were included as an evidential theme as Fuzzy Logic does not require known occurrences of mineralisation to be used as training.
In Fuzzy Logic, multiclass themes such as maps are classified on the basis of their mineral favourability using a fuzzy concept that Each evidential theme in the Sedex exploration model was assigned a fuzzy membership or significance value on the basis of the mineral deposit model (Table 6 and 7) . The weighting applied is dependent on the relative importance and reliability of one data set against another. Areas with an absence of any favourable features, primarily due to a lack of sufficient data were assigned a no data value (-99), the use of which signifies that the data has no impact on the model.
A structural proximity analysis ("buffering") was performed on linear features (faults, lineaments) and point themes (mineral occurrences) enabling a cumulatively decreasing weighting to be applied with distance from the feature. Features in each of the three themes were buffered at 500 m intervals. The fuzzy membership assigned to each buffer within each theme is presented in Table 7 . Areas of known mineralisation were assigned the greatest fuzzy membership decreasing with distance from the occurrence.
The North Devon prospectivity map was created by combining each evidential theme using fizzy logic operators in a series of steps, as depicted in the schematic inference model (Figure 6 ). Fuzzy memberships from each theme were combined using fuzzy operators to produce a gradational map of the mineral potential of the terrain. Five operators have been found to be useful for the combination of exploration datasets 1 : fuzzy AND, fuzzy OR, fuzzy algebraic product, fuzzy algebraic sum (FAS) and fuzzy gamma operators. The Fuzzy Logic operators used to combine the fuzzy sets were selected on the basis of the relationships of the data layers and on the interdependence of the data. In the first level of the model ( Figure 6 ) the fuzzy OR operator was used to combine the geochemical elements Zn and Mn, and Pb and Cu in stream sediments; the results were then incorporated into the second level of the inference model. The OR operator is used when two map patterns represent the same level of evidence, and the combinations suggest evidence at higher probability 40 . The second level of the model combined the evidential themes using FAS to output a map of the potential for Sedex mineralisation in the North Devon area. FAS is the complement to the algebraic product and its use yields results larger than or equal to the largest contributing fuzzy membership value. Two pieces of evidence that both favour a hypothesis reinforce one another and the combined evidence is more supportive than either piece of evidence taken individually 5 .
Results

Central Area
The results of the prospectivity analysis for the Central Area are presented in Figure 8 . Key features of the main target areas for IPB deposits are summarised in Table 8 D. To the east of Okehampton, near Dunsford (Figure 2) , is an area where the prospectivity is based on shallow magnetic anomalies data and a significant maximum in the analytic signal of the residual magnetic data. This suggests prospective terrain beneath Upper Carboniferous strata on Whiddon Down. This area also has the highest Zn and Pb anomalies in the area with 4000 and 2100 ppm respectively. It also includes four manganese occurrences and has chert, shale and volcanic formations.
E. Around Ilsington to the east of the Dartmoor granite (Figure 2 ). The geology of this area contains a number of chert, slate and volcanic formations and there is one known manganese occurrence. The area also has an anomalous analytic signal value of 525 nT/km and a Pb geochemical anomaly of 1000 ppm.
North Devon
It is more difficult to generate a reliable prospectivity map for the Exmoor area because of the paucity of available data. Particular relevance has therefore been placed on geology and stream-sediment geochemistry. Key features of prospective areas for Sedex deposits in north Devon are shown in Figure 10 are summarised below in Table 9 .
A. Along the boundary between the Ilfracombe Slates Formation and the Morte Slates Formation, parallel to the regional strike. This area is prospective due to the presence of shallow-source linear magnetic anomalies together with drainage geochemical anomalies for Zn, Mn and locally Pb. Previous ground investigation of the magnetic anomalies and subsequent drilling at Honeymead Farm (Figure 3 ) has also indicated significant pyrrhotite mineralisation interpreted as forming from syngenetic pyrite 14 . The historical lead-zinc-silver mining area around Combe Martin has, however, not been highlighted as prospective for Sedex deposits. This may be due to the style of mineralisation worked there not being of Sedex-type since mineralisation observed at Lester Point near Combe Martin (Figure 3) , consists of thin and discontinuous galena veins not consistent with a stratiform sulphide deposit.
The lack of a gravity anomaly in the Combe Martin area may also be because most of the lead mineralisation has been worked out. 4. Underpinning the evaluation of the area to the north of Bodmin Moor and Dartmoor is the assumption that the highfrequency magnetic anomalies present are primarily related to stratiform sulphide mineralisation within the FammenianVisean sequence subsequently recrystallised to pyrrhotite at the time of granite intrusion. Modelling of these data suggest shallow sources for these magnetic anomalies, and drilling has not tested most of these. The main uncertainty is that low concentrations of pyrrhotite can maintain a high NRM intensity so that large magnetic anomalies may be due to only a few per cent sulphide; however, this can only be determined through drilling. Table 2 . Key exploration criteria for IPB deposits and their occurrence in south-west England. E = essential, C = characteristic. Significance: h = high, m = medium, l = low. Table 5 . Key predictive factors, by contrasts, determined for IPB mineralisation in the Central Area. Table 8 . Key features of the principal IPB targets in the Central Area (as shown in Figure 9) . 
Criteria Type Significance Present in project area
Criteria
